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The ground-breaking properties of biaxially textured thin films have attracted increasing attention to the characterization
and growth theory of their crystal morphologies. In particular, multi-faceted columnar structures developed during
oblique angle deposition (OAD) show abnormal tilt angles that have not been previously captured by existing models.
Current theories for the formation of biaxially aligned columnar structures overlook the fact that the surface diffusion on
individual facets can be finite. In this work, a continuum model incorporating finite adatom mobility, flux-dependent
sticking coefficient and material-specific surface energies is employed to study the growth of a well-known MgO-OAD
system. Experimentally observed morphologies are reproduced by simulating the shadowing growth of an array of
preferentially oriented single crystals. We show that the abnormal tilting is elusive considering only the effects of faceting
and shadowing. A proposed sticking coefficient in our model, determined by the component of adatom momentum
parallel to the surface, is responsible for the development of abnormal tilting. The role of faceting is demonstrated by its
effect on the resulting columnar morphologies. Using the proposed model, the characteristic morphology and tilting
behavior of a CaF2-OAD system are also obtained which agree with experiments.
I. INTRODUCTION
In obliquely deposited thin films, symmetry-breaking colum-
nar microstructures usually lead to special material properties,
such as superconductivity1, photoelectric2, ferromagnetic3 and
electrochemical4 properties. The performance of these proper-
ties is usually related to the columnar morphology developed
during OAD. The origin of morphological development of
columnar structures has been the subject of prolific and on-
going research in both areas of experimental and theoretical
practice5,6. In general, the columnar morphology is sensitive to
the degree of deposition asymmetry, characterized by a vapor
incident angle α. This asymmetry induces anistropic growth of
the columnar structures, which results in tilting and texturing.
In particular, the relationship between α and average tilt angle β,
both measured with respect to the substrate normal, has been of
great interest to the OAD theories. Among them, the empirical
tangent law7
2tanβ = tanα (1)
and the cosine law8
2sin(α−β) = 1− cosα (2)
agree with experiments for some OAD systems. While a large
number of systems9 do not agree with these "universal" rules
which do not account for differences in the materials deposited.
Based on a continuum model, Lichter et al.13 studied the
tilting of columnar morphology in d = 1 + 1 dimensions. The
analytical solution of the tilt angle β is found to be a function
of α and a non-negative parameter 0 < Φ ≤ 3.7 determined by
the adatom mobility:
tanβ = 23 tanα/(1 +Φ tanαsinα) (3)
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Fig. 1. Tilt angles β for CaF210, Mg11 and MgO12 compared to
empirical laws and Lichter’s formula. The inset depicts β in
relation to the flux angle α, both measured with respect to the
substrate normal, for the case β < 0.
This is plotted in Fig. 1 for the limiting values of Φ, along with
the empirical laws. Eqn. 3 was successfully used to explain the
tilting behaviours of some materials13. However, this approach
employs small slope approximation and assumes large inter-
columnar spacing. Thus, it neglects the overhang topology and
shadowing effects altogether. These are important features to
OAD systems, as far as tilting and columnar morphology are
concerned. Keblinski et al.14 proposed a continuum model




























































































to arise from shadowing growth. The numerical solutions of
their equations admit rich, non-linear morphologies of realistic
columnar structures. Nevertheless, experimentally observed
features, such as faceting due to anisotropic interfacial energy,
are not considered in this model. Paritosh et al.15 used front
tracking simulations to investigate the effect of shadowing on
columnar morphology. β vs α relations were numerically simu-
lated. They are found to be dependent on thematerial symmetry,
crystal orientation and the sticking coefficient. Shadowing is
concluded to be responsible for the β vs α relations. Although
facets are featured in the geometric description of columnar
structures, their model does not incorporate surface diffusion.
Despite the success in the above-mentioned models, there
remain a number of biaxially textured thin films that produce β
angles deviating substantially from any of the existing model
predictions. Nanostructured MgO thin films1,12,16,17, CaF2
nanorods10,18, Mg nanoblades11,19, AlN columns20 and Mo-Al
nanofins21 are examples of systems exhibiting abnormal tilt
angles. The columns developed in these thin films are well-
aligned single crystals tilted at angles that deviate significantly
from existing predictions. Particularly, these thin films exhibit
negative column tilt angles (β < 0), while existing models pre-
dict only β ≥ 0. Instead of leaning towards the vapor flux, some
columnar structures observed in these thin films are tilted away
from the in-flux direction. Fig. 1 shows measured tilt angles for
CaF210, Mg11 and MgO12 (For some MgO systems16,17 nega-
tive tilting angles are also observed for MgO but β values not
reported). A new interpretation is needed for the origin of this
deviation.
It has been speculated that the abnormal columnar mi-
crostructure may be related to atomistic adsorption energies10,
which result in an anisotropic sticking coefficient as a func-
tion of surface crystallography. Others have suggested that the
abnormal behaviour is due to the directional diffusion follow-
ing the impingement of adatoms22. Monte Carlo simulations
show that column-like structures can tilt away from the flux
considering the directional diffusion of the adatoms in certain
crystallographic directions17. Based on their suggestions, the
nature of β vs α relation should depend on the material being
deposited. To date, there is no model that describes the detailed
multi-faceted morphology and predicts the experimentally ob-
served abnormal tilting of columnar structures.
It is widely recognized that the columnar microstructure in
OAD films is due to non-local shadowing effects23,24. In addi-
tion, faceting due to the anisotropic surface energy is thought to
be responsible for the multi-faceted morphologies commonly
observed10,12,19. In this work, we employ numerical simu-
lations to investigate the role of faceting in determining the
morphology of biaxially textured materials. The model is pred-
icated upon a shadowing growth model proposed by Keblinski
et al.14, which provides a good starting point for further studies
incorporating the effects of faceting and sticking coefficient. Be-
cause the detailed morphology depends on the specific material
being deposited, a well-known MgO-OAD system is chosen as
an example for demonstrating the predictions of the model. In
Sec. II, we show that by faceting alone, the shadowing growth
of MgO results in normal tilting. We then simplify and ex-
tend the model to include new physics for the incorporation
of adatoms. The extended model not only accounts explicitly
for the shadowing and material-specific surface energies, but
also a proposed anisotropic sticking coefficient related to the
component of adatom momentum parallel to the surface. By
using the extended model, we show that abnormal tilt angles
can be obtained. The multi-faceted, roof-tile morphology char-
acteristic of a MgO-OAD system is reproduced by means of
numerical simulation. In Sec. III, analysis of abnormal tilt-
ing, column bundling, terminating facets, growth exponent and
void fraction are presented for MgO. Lastly, the characteristic
morphology and tilting of CaF2 columnar structures are simu-




Existing theories of the formation of biaxially textured thin
films assume infinite surface diffusion of adatoms on a single
crystal25. A consequence of the unlimited surface diffusion is
that the morphology of individual crystals is governed by the
equilibrium shape and the film’s microstructure is a result of
grain boundary impingement. However, experimental obser-
vations show multi-faceted, nano-structured morphologies of
isolated columnar structures that are high in porosity, rather
than densely packed, fully faceted morphology attributed to
infinite surface diffusion. It is therefore natural to presume a
finite surface diffusion that allows the mobile adatoms to diffuse
away, upon sticking, at a limited rate.
Continuum models capturing diffusional processes usually
feature a coefficient of adatom mobility, which accounts for
the effect of finite surface diffusion. For example, Keblinski et
al.14 proposed a continuum model for the shadowing growth of
a diffuse interface. In the deterministic part of this model, Eqn.
4 and Eqn. 5, φ(r, t) and g(r, t) are conserved order parameters
that take on equilibrium values φ = 1, g = 0 in the solid and
φ = −1, g = 1 in the vapor. φ and g, corresponding to the phase-
field and vapor field respectively, are used to keep track of the
material deposited and the vapor phase. The material interface
is defined by the φ = 0 iso-surface, and the surface diffusion is
modeled by the gradient flow of an energy functional F. M is
the coefficient that sets the strength of the adatom mobility, J is
the flux that specifies the direction by which g is advected. The
shadowing effect is incorporated through the coupling of the
two equations, with source and sink terms operative only in the
interfacial region characterized by (∇φ)2 > 0. Coefficient B is
a sufficiently large number arbitrarily chosen to ensure efficient
consumption of the g field in this interfacial region, where the









= −J ∇g−B(∇φ)2g (5)




























































































Fig. 2. Visualization of J and the iso-surfaces φ = 0 and
g = 0.5. The side view shows the solid line on the right which
highlights the effect of global shadowing, and the dotted line
delineated on the left side wall of the central column which
marks the region of self-shadowing.
position vector r = (x, y,z) has three components and the simula-
tion cell has dimensions Lx, Ly and Lz. The shadowing growth
of isolated single crystals is simulated by numerically solving
the time evolution of φ and g on a 256×256×512 Legendre-
Gauss-Lobato (LGL) grid, using an energy stable scheme26
and spectral-Galerkin method27. Periodic boundary conditions
along y are applied for g to enable inter-columnar shadowing,
whereas homogeneous Neumann boundary conditions are em-
ployed for the φ field. The inflow boundary condition at z = Lz
for the g field is set to g = 1, i.e. to maintain a constant supply
of vapor. In Fig. 2, J and the material interface φ = 0 are visu-
alized. An iso-surface of the vapor field g = 0.5 is chosen for
the visualization of three-dimensional shadowing effects. On
the side view in Fig. 2, the shadowing on the central column
and equivalently its periodic images in y takes place in both
side walls, with one overshadowed by itself (dotted line) and
one facing the in-flux direction (solid line). The two should be
distinguished, as the former is caused by the self-shadowing
of the column and the latter is induced by the effect of global
shadowing. We revisit this point in Sec. III.
B. Material-specific faceting
The multi-faceted crystal morphology of the biaxially tex-
tured columnar structures with abnormal tilt angles10,12,18–21,28
is widely considered to be associated with the interplay between
geometric shadowing due to preferential deposition and the ther-
modynamics of faceting. Specific materials are considered in
this work. Biaxially textured insulating films, such as MgO
and CaF2, are technologically important semiconductor films
exhibiting the above-mentioned features. The biaxially aligned
MgO columnar structures with small angle grain boundary, for
example, have applications such as buffer layers for growing
superconductor films29. The good quality of the biaxial align-
ment allows the coated superconductor to achieve high critical
current1. The so-called "roof-tile" surface facets and multi-
faceted columnar morphology have been observed, regardless
of the choices of substrate and fabrication technique12,16,28.
The surface free energy of many crystals is anisotropic and
non-convex, which renders the gradient flow of energy F in
Eqn. 4 backward parabolic. To this end, we adopt a regularized
energy functional30, Eqn. 6, defined over domain Ω. This

























2 is the free energy density, ε the gradient
energy coefficient, ε̃ a regularization coefficient which sets the
length scale of the corners and edges where facets meet and
n(r) = −∇φ/|∇φ| is the outward pointing, unit normal to φ level
set. Small numbers ε = 0.02 and ε̃ = 0.001 are implemented in
order to approximate a sharp interface.
The surface free energy density γ(n) in Eqn. 6 for MgO is
constructed using a method34 that has been adapted to suit
the free energy formulation Eqn. 6. We use ab initio-derived
surface energy values for three important MgO surfaces35,
γ{100} = 0.93Jm−2, γ{110} = 2.25Jm−2 and γ{111} = 2.21Jm−2.





ai(mi ·n)ωiΘ(mi ·n) (7)
where the sum is over the 26 equivalent planes in the three
families of surfaces, each with unit normal mi. The Heav-
iside function Θ(mi · n) has the effect of ensuring that mi
is distinguished from its opposite -mi plane, which is not
necessarily the crystallographically equivalent facet. ωi and
ai = 1− γi/γ{110}(1− a{110}) are parameters that set the local-
ization and the relative depth of the energy minima. Under
this construction, the unspecified planes take on energy density
equal to 1 far from minima and at orientations n = mi the en-
ergy density is equal to 1−ai. The γ-plot for MgO is shown
in Fig. 3, juxtaposed with the equilibrium shape of the crystal
reached by energy minimizing calculation such that the chem-




























































































Fig. 3. Equilibrium shape of an isolated MgO crystal enclosed
in the γ-plot.
applications of this γ-construction approach31–33, we choose
ω= 50 and a{110} = 0.1 for all our simulations. The facets on the
equilibrium shape are colored according to the stereographic
triangle for cubic symmetry. The equilibrium cube shape is
dominated by {100} that possess the lowest surface energy and
form a convex hull perpendicular to nγ(n). This is consistent
with experimental observations and Wulff’s theorem36.
C. Columnar structures
In this continuum approach, finite-size effects of the deposit-
ing species and atomistic processes with complications such
as re-emissions are not included. Instead, the material inter-
face and its dynamics are realized within the continuum model
through the assumption of a diffuse interface. The deposition
event is registered by the preferential exposure of the surface
to the collimated vapor flux of adatoms owing to the g field
dynamics. By convention, the z axis is selected as the substrate
normal ns, and flux J is a unit vector, J = [0, −sin(α), −cos(α)],
forming a deposition angle α with respect to ns. Subsequently,
a crystal coordinate system x′, y′,z′ is defined, so that these
match the crystallographic directions [0 1̄1], [2 1̄ 1̄] and [111]
of MgO. In many MgO-OAD systems, the columnar structures
develop a (111) out-of-plane texture and the texture axis [111]
tilts at an angle with respect to ns for various α angles29,37,38.
This can be characterized by the orientation angle β′ of the
lowest energy surface facing the flux. In the case of MgO, this
is the (100) facet angle, i.e. β′ = ∠(ns, n(100)). β′ should be
distinguished from the column tilt angle β, which on the other
hand specifies the physical inclination angle of the average
growth direction of the columnar structures, independent of
β′. Although the preferred orientations β′ for a limited number
of materials39 can be fitted to a formula tanβ′ = 2tan(α−β′)
given by van der Drift40, the nature of this orientation selection
is complex. Biaxial texture typically improves with increasing
film thickness. But the change in β′ is found to slow down at
later stages followed by only thickness growth19. Thus, it is
reasonable to suggest that the well-aligned columnar morpholo-
gies are developed during the thickness growth after orientation
Fig. 4. Prototype MgO columnar structures grown under OAD
with α = 40◦ and orientation of the seed set by β′ = 25◦. The
mobility of directional surface diffusion on facets are (a)
M = 1 (b) M = 0.01.
selection with a fixed β′. This is realized in our work by seeding
the single crystals with preferred orientation according to the
experimentally obtained β′ values.
The relationships between α and β′ reported in the literature
differ only slightly for different MgO-OAD systems, despite the
differences in the choice of substrate and processing technique.
In this work, we adopt the β′ values measured by X-ray pole
figures29. For a predefined biaxial texture, an array of hemi-
spherical seeds with radius r0 is oriented with a predefined
(100) facet angle β′ and with x′ parallel to x. Each seed is sepa-
rated by a distance d0 = 3r0 from its neighboring seed in x and
y, and Lx = Ly = 2d0 = 1/2Lz are conveniently chosen to accom-
modate four seeds per simulation cell. In order to isolate the
effect of faceting driven by the adatom mobility, all parameters,




























































































Fig. 5. Column tilt angle β vs vapor incident angle α for MgO
columnar structures according to Eqn.4 and Eqn. 5.
Experimentally determined preferred orientations, specified by
β′ are taken from Xu et al.29 Also shown are the predictions of
empirical laws.
consider here only the cases in which the columnar morphology
is controlled by adatom mobility.
Two different MgO columnar structures developed under
incident angle α = 40◦ are shown in Fig. 4. With M = 1, Fig.
4 (a), the columnar structures develop {100} facets and the
average growth direction is parallel to n(100), i.e. β = β′. For
M = 0.01, Fig. 4 (b), β > β′ and the columnar structures tilt
more towards the flux with fewer facets formed. The area
fraction of {100} terminating planes in this case is smaller.
The α dependence of tilt angles measured for the simulated
columnar structures is shown in Fig. 5. The column tilt angle
is controlled by adatom mobility. Simulation results for M = 1
can be fitted to Lichter’s formula with Φ = 0.3. β decreases
with increasing adatom mobility. For M > 10 (not shown),
the columns coarsen and approach the equilibrium shape. In
this case, coalescence occurs without significant increase in
thickness, until the columnar structures merge with each other.
In actuality, small angle grain boundaries would form due to the
small misorientations between columnar structures in biaxially
textured thin films. Fully faceted columnar microstructures
develop, for which the tilt angle β = β′. We conclude that for
the shadowing growth of preferentially oriented seeds according
to Eqn. 4 and Eqn. 5, β values obtained show normal tilting
behavior and do not fall below β = β′. In contrast, the multi-
faceted, biaxially textured thin films with abnormal tilt angle,
β < β′ are observed for MgO.
D. Realistic columnar morphologies
For shadowing growth of practical interest, Eqn. 4 and Eqn. 5
can develop singularities that destabilize the numerical solution
of φ and g. Keblinski included an artificial diffusion in Eqn. 5
to circumvent the problem14. But this is known to smear out the
gradient of g at some sharp edges and corners, and shadowing
effects can be compromised. To allow for accurate tracking of
the shadowing effects and to simplify the non-local dynamics,
we propose here a local formulation for the rest of simulation
results. To do this, the g field can be approximated by a term
of the form S (r) J · n based on the simple fact that the value
of g advected to a point in the vicinity of the interface (flux
divergence) is proportional to J · n with no shadowing. S (r)
is a probability, which assigns value S = 0 if a grid point in
the interfacial region is shadowed and S = 1 otherwise. Ray
tracing algorithm41 is used for the efficient computation of
S incorporating both self-shadowing and global shadowing
effects. For a more general description independent of the
dimension of simulation cell, the source term needs to be nor-
malized by a factor w(r) equal to the LGL quadrature weight,
as
∫
w(r)dr = Lx Ly Lz. For the finite difference method used
in the original numerical scheme of Keblinski’s, w is a constant.
The same behavior shown in Fig. 5 can be reproduced by this






+ Bw (S J ·n) (∇φ)2 (8)
The shadowing growth according to Eqn. 8 does not give
rise to β value below β′. It has been speculated that the mo-
mentum component of the incoming adatoms parallel to the
surface is responsible for the variation in tilt angles22. Within
our continuum model, the component of adatom momentum
parallel to the interface is proportional to |J ×n|. Here we hy-
pothesize that the quantity of adatom incorporation into the
solid (as modeled by source term in Eqn. 8) is proportional to
this momentum component. |J ×n| can be understood here as a
sticking coefficient. Being in this form, it varies between zero
and one, with these limiting values obtained when J is parallel
or perpendicular to n, respectively.
For homoepitaxial systems, the sticking coefficient is usu-
ally considered a function of deposition parameters as well
as surface crystallography42. In this case, it takes on differ-
ent values for various surfaces regardless of their orientations
with respect to the flux. However, for OAD films introduced in
Sec. I varying from single component (Mg) to multicomponent
(MgO) systems, complications arise due to the 3D morphology
of columnar structures. The terminating surfaces of a columnar
crystal are oriented differently with respect to the flux, depend-
ing on the surface normal n and J . Further, the deposition
conditions for OAD systems considered here also differ (e.g.
vapor pressure, depositing species and substrate temperature).
Experimentally, the deposition angle α determines the crystal
morphology for OAD systems being modeled herein. It is there-
fore reasonable to include this additional term, in the source

































































































+ Bw |J ×n| (S J ·n) (∇φ)2 (9)
Our treatment of the sticking coefficient takes account for the
facet orientation and renders the adatom incorporation more
efficient when the in-flux direction makes a larger angle with
n. This choice may be justified by the step flow growth mode
which is commonly observed in multilayer thin film growth43,44.
Under the step flow growth mode, the incorporation is more
likely to occur when adatoms come to the surface at a larger an-
gle with respect to n. The adatoms are then captured by atomic
steps and the layers grow laterally by the help of subsequent
surface diffusion.
According to Eqn. 9, for a LGL grid point r on an inter-
face associated with area proportional to w(r) (∇φ)2, the rate
of growth is equal to the total flux reached at the interface
B(S cosγ) multiplied by the sticking coefficient sinγ, where
γ = ∠(J ,n) is the angle between the surface normal and the flux.
Coefficient B is fixed to 1× 1010 throughout the simulations
along with time step δt = 1× 10−7, so that in practice for the
range of M employed in the simulations, φ field does not obtain
far-from-equilibrium values. In addition, the source term B is
restricted to an interfacial region |φ| < 0.95 only. Without this
restriction, the increase of φ is unbounded which deteriorates
the numerical solution in the long runs14.
With the extended model, Eqn. 9, columnar structures hav-
ing realistic morphologies can be derived. In particular, V-
shaped columnar structures characteristic of OAD-MgO biax-
ially textured microstructure is obtained and shown Sec. III.
We show that some experimentally observed morphological
features, such as column bundling and abnormal tilting, can
be accounted for by our extended shadowing growth model.
Realistic multi-faceted morphologies and inter-columnar voids
are also reproduced. The role of faceting is demonstrated by
its effect on tilting and porosity, which is controlled by model
parameter M relating to the adatom mobility. The evaluation of
the shadowing growth also predicted different power law behav-
iors before and after the column pinch-off. Lastly, by changing
the material symmetry to a well-characterized OAD-CaF2 sys-
tem, we show that our model accounts for the experimentally
observed tilting behaviors previously inexplicable.
III. RESULTS
A. Growth mechanism and column bundling
The resulting columnar morphology of the shadowing
growth on two one-dimensional (1-D) arrays of seeds offset by
distance 1/2d0 in the direction facing the flux (in-flux direc-
tion) are shown in Fig. 6. This offset simulates an environment
where a single column can be shadowed not only by its neighbor
in the in-flux direction but also by neighbors in the x′ direc-
tion. The surface morphology of the columnar structures has a
{100}-type, roof-tile-shaped top facet (we denote them here by
(100) to facilitate the discussion). The (100) top facets grow
the fastest and the fastest vertical growth direction of (100)
Fig. 6. (a) the top view and (b) the side view of column
structures grown on two staggered 1-D arrays of preferentially
oriented seeds with model parameters M = 0.5. The top (100)
facets, the fastest vertical growth direction of (100) and the
flux J (corresponding to α = 25◦) are labeled.
appears to be [011]. Following the notation for biaxial relation-
ships6,18, we define the biaxial texture of the MgO columnar
structures as {111}〈110〉. This means that the thin film has a
(111) out-of-plane texture and an in-plane texture denoted by
〈110〉.
Grown on top of preferentially oriented seeds, the columnar
structures first undergo coarsening, accompanied by an increase
in film density. At later stage the side wall facing the flux is
completely overshadowed due to the inter-columnar, global
shadowing. The self-shadowed side wall in contrast, is always
shadowed and it hence receives no adatoms at all growth stages.
As a result, the morphology on the global shadowing side is
determined by the self-shadowed side wall of the neighboring
column in the in-flux direction. The columns coarsen and
eventually merge in the x′ direction perpendicular to the flux.
This causes a bias in the total flux reached at the top (100)




























































































column 2 is overshadowed. Column 2 has a smaller growth
rate relative to column 1 accordingly. Columns aligned in the
in-flux direction are not subject to this bias. As the growth
furthers, column 1 receives more adatoms and is expected to
eventually outgrow column 2 and this is evident on the side
view Fig. 2 (b). As a result, columns grow competitively and
line up in the x′ direction due to this bias.
This phenomenon is known as column bundling, and it has
been extensively observed in obliquely deposited, biaxially
textured thin films. An example is shown by the microstructure
of Mg nanoblades11, for which the blade-shaped columnar
structures are well-aligned in the direction perpendicular to
the flux. For MgO thin films, it has been reported that the
fraction of column bundles is dependent on the quality of the
biaxial alignment12. In our simulations, the biaxial alignment
is perfect because of the predefined orientations. Different
positioning of the seeds does not alter the observed competitive
growth, as long as a bias in shadowed surface area persists.
While Abelmann et al.22 attribute concerted bundling to self-
shadowing, we show here that it is caused by global shadowing
and the following competitive growth.
B. Multi-faceted columnar morphology
The shadowing growth of columnar structures in the pres-
ence of faceting and anisotropic sticking coefficient results in
multi-faceted columnar morphologies. The terminating facets
consist of predominantly {100} facets, in agreement with the
energetics. The fraction of {100} facet area decreases with de-
creasing adatom mobility. This is demonstrated in Fig. 7 by
two columnar structures developed during the thickness growth
with different values of M. At earlier stage of growth, the top
(100) facet adapts a fan-like shape with a 90◦ fan angle. The
columns have a mirror symmetry about (01̄1). As the colum-
nar structures coarsen, global shadowing hinders the adatom
supply to the side wall and eventually part of the top facet. The
morphology of individual columns is then determined by the
positioning of neighboring columns. Particularly, asymme-
try in morphology develops due to the bias in the direction x′
perpendicular to the flux, as discussed in the previous section.
Columnar structures in Fig. 6 are perfectly aligned and the
columns eventually merge and coalesce in the x′ direction. This
can be characterized by the growth of column width W, which
stops when the grain boundary impingement occurs. X-ray
pole figure analysis shows that there is a spread of in-plane
and out-of-plane alignment in OAD deposited films29. Small
angle grain boundaries are not included in our model. It is
however reasonable to argue that the average growth direction of
the columnar structures always converges during the thickness
growth, regardless of the positioning of the columns and the
small variation in orientations. We therefore consider a special
neighborhood in which no columns in the x′ direction are close
to each other, as shown in Fig. 7. Inside of this neighborhood, W
continues to increase before reaching the edge of the simulation
cell, and the mirror symmetry is retained. The average growth
direction obtained can be used to inform the one in a more
complex neighborhood. The initial seed separation is d0 = 3r0
Fig. 7. Top view and side view of a 1-D array of multi-faceted
columnar structures before they impinge onto the simulation
cell with M = 1 for (a) and (c); and M = 0.1 for (b) and (d).
Column width W and flux J (corresponding to α = 25◦) are
labeled. The (01̄1) mirror plane for the columnar structures is
highlighted in (b) and (d).
as before, but the substrate is seeded with 1-D array of single
crystals lined up in the in-flux direction. The choice of d0 does
not affect the average growth direction, i.e. β is independent of
d0.
As shown in Fig. 7 for columnar structures oriented at
β′ = 15◦ with deposition angle α = 25◦, the side view reveals
the V-shaped, multi-faceted MgO columnar structures grown
under shadowing effects. This V-shaped overall morphology
was previously thought to result from competitive growth12.
Our simulation suggests that the origin of the V-shaped mor-
phology is due to the inter-columnar, global shadowing during
thickness growth. Moreover, the so-called "laminar structure"
observed on the side walls of MgO columns was thought to
originate from the repeated nucleation of {100} facets12. Our
model suggests that the formation of alternating facets is due
to the interplay between preferential growth and faceting. With
smaller adatom mobility the terminating facets of the columnar
structures take on energetically less favorable configurations.
However, the origin and nature of the alternating facets on
columnar structures due to non-equilibrium growth of the solid-




























































































Fig. 8. A cross section along the (01̄1) mirror plane of the
MgO columnar structures in Fig. 7 (b) and (d). Morphological
parameters β, θ, D and δ characteristic of the columnar
structures are labeled for further analysis.
C. Abnormal tilting
In order to reliably estimate β, we first examine the V-shaped
columnar morphology and define the average growth direction.
The two side walls composed of sets of alternating surfaces
(on side view in Fig. 7 (c) and (d)) grow in directions both
deviating from the true average growth direction. In Fig. 8, the
same columnar structures are cross sectioned through a mirror
plane (Fig. 7 (b) and (d)). The cross section along the (01̄1)
mirror plane reveals an average growth direction tilted away
from the flux. The tilt angle corresponding to the deposition
angle α = 25◦ in this example is β = −8◦. Our simulations show
that larger adatom mobilities favor the growth of the columnar
structures with tilt angle closer to β = β′ and increase the {100}
area fraction. On the other hand, the kinetics of the shadowing
growth induced by the preferential deposition and the anisotropy
in the sticking coefficient renders the average growth direction
away from β = β′. Therefore, the observed tilting behavior is
due to the combined effects of faceting thermodynamics and
the kinetics.
The β vs α plot for various M is shown in Fig. 9. All results
deviate significantly from the empirical laws plotted in Fig. 5. A
dependence on the adatommobility is evident. Larger M values
favor the coverage of {100} facets on the side walls and result
in β values closer to β′. Conversely, smaller M values produce
more alternating facets on the side walls and yield β values
that are further away from β′. By comparison with the tilting
behavior shown in Fig. 5, all tilt angles obtained are smaller
than β′. In some cases, negative column tilt angles were ob-
served, i.e. β < 0. Our work shows that this cannot be obtained
by considering faceting and shadowing alone, Eqn. 4 and Eqn.
5. The abnormal tilting is attributed to the sticking coefficient
determined by the momentum component of adatom parallel to
MgO-vapor interface. The inclusion of such anisotropic stick-
Fig. 9. β vs α for MgO columnar structures according to the
modified model, Eqn.9. The tilt angles obtained are smaller
than (100) facet angle, i.e. β < β′.
ing coefficient in Eqn. 9 is the main feature of our model that
renders the tilting behavior of columnar structures abnormal.
D. Film porosity
For further analysis, we define some morphological parame-
ters with the help of the cross section Fig. 8. As the columnar
structures grow vertically, the column diameter D increases
until the side walls are completely shadowed, leading to column
pinch-off. The thickness growth of the columnar structures can
be defined as the growth stage in which the vertical dimension
h increases without the increase in D. The column pinch-off
gives rise to a columnar void of size δ. The columnar struc-
tures are neutrally stable with no true grain boundary formed.
During the thickness growth, both D and δ are maintained at
constant values, and they are related by D +δ = d0, where d0 is
the initial seed spacing. Although the overall MgO columnar
morphology is independent of the choice of d0, the diameter
D reached by a columnar structure at thickness growth is de-
termined by D = d0 − δ. For this reason, d0 is chosen to be
the characteristic length scale for the simulations of thickness
growth.
The porosity of the thin film originates from the formation
of inter-columnar voids led by column pinch-off due to global
shadowing. We define the void fraction V f of the thin film
during thickness growth as V f = δ/(D +δ) = δ/d0. The value
of δ is dependent on the angle of global shadowing, also encap-
sulated by α. Consequently, an α dependence of V f is expected.
Further, the average growth direction makes an angle θ with the
(100) top facet, and θ is related to β by θ = 90◦−β′+β. This an-
gle can be used to determine a void fraction for idealised, fully
faceted columnar structures V′f . Paritosh
15 studied such void
fraction and gave a formula for V ′f due to shadowing growth




























































































Fig. 10. The void fraction V f obtained simulations and the
corresponding V′f calculated by using Eqn. 10.
V′f =
cos(β− θ) sin(α−β)
cos(α) sin(θ) + sin(α−β) sin(β)
(10)
Void fraction V f obtained by our simulations and V ′f accord-
ing to Eqn. 10 are plotted in Fig. 10. Because θ varies with M,
the corresponding V ′f also varies. It is evident that both V f and
V′f increase with an increasing deposition angle α. The increase
in porosity with increasing α has been commonly observed in
obliquely deposited, biaxially textured thin films, e.g. MgO29,
Mg11 and CaF210. In addition to α dependence, faceting plays a
role in determining the film porosity. Compared with V′f which
is evaluated in the no-faceting limit, V f takes on small values
for the same α. In all cases, measured V f from our simulations
is less than V ′f , showing that the effect of faceting realized by
surface diffusion tends to reduce the density of the thin film.
Correspondingly, the increase in adatom mobility reduces the
void fraction, as evident in measured V f , Fig. 10, for different
M values.
E. Growth exponent
Contrast to the void formation due to the pinch-off of columns
in the in-flux direction, the columnar structures grow laterally
in the x′ direction and they impinge onto neighboring structures.
The lateral dimension of a columnar structure marked by W in
Fig. 7 hence saturates after the event of impingement. Grain
boundaries form between the columnar structures in the x′ di-
rection and the nature of which is determined by the orientation
relationship. We investigate the scaling of W and the vertical
dimension h before impingement occurs.
The vertical dimension for isolated nanocolumns is known to
grow as a function of the vertical dimension during shadowing
growth45. For the anisotropic growth of multi-faceted MgO
Fig. 11. Shadowing growth of multi-faceted MgO columnar
structures (α = 25◦) characterized by the spatial growth
exponent p. The initial values of W and h are not included in
the linear fitting of p.
columnar structures, Fig. 11, values of W and h during the
shadowing growth with deposition angle α = 25◦ are plotted. A
power law formW ∼ hp can be fitted to the simulated shadowing
growth with good precision. The spatial growth exponent p is
found to behave differently before and after the column pinch-
off. The column pinch-off happens at approximately h ≈ d0,
marked by the event that both side walls of a MgO column
are shadowed. Before this event, the global shadowing is less
effective because of the large spacing in between the columnar
structures (for the initial separation δ = d0−r0 at h = W/2). The
self-shadowing however is affected by the (100) facet angle β′,
which are predefined for the seeds according to different α
values. A larger β′ induces a larger shadowed area.
The initial growth exponent p1 as shown in Fig. 12 as a result
decreases with an increasing β′ and equivalently α. The adatom
mobility is also found to influence the growth due to the fact
that it controls the rate of formation of the (100) facet. After the
column pinch-off, i.e. during thickness growth, the deposition
flux reaches only the (100) top facets of the columnar structures
and the growth is slowed down. The exponents at this growth
stage amount to a mean p2 = 0.61±0.03 and they are found to
correlate less with α. As compared with columns grown in the
no-shadowing and no-faceting limits for which p = 1, both the
effects of shadowing and faceting tend to restrain the growth.
F. CaF2 nanorods
Here, we present a brief case study of the morphology and
tilting behaviour of obliquely deposited, well-aligned CaF2
nanorods. They have important applications in preparing
single-crystalline substrates46. The simulation methodology




























































































Fig. 12. The spatial growth exponents before and after the
column pinch-off, p1 and p2 as functions of α.
characterized to possess a (111)〈121〉 biaxial texture, with a
variation in preferential orientation of the out-of-plane tex-
ture axis [111] for different α angles. Similar to MgO in Sec.
II C, the orientation of seeds is predefined using the preferred
[111] orientation values from experiments10. The surface en-
ergy density47 γ{111} = 0.465Jm−2, γ{110} = 0.621Jm−2 and
γ{100} = 0.658Jm−2 calculated at 100 ◦C are used for the con-
struction of γ(n), Eqn. 7, together with parameters ω = 50 and
a{100} = 0.1. The γ-plot and the equilibrium shape reached
in a long-time-scale evolution of a CaF2 crystal are shown
in Fig. 13 (a). For the shadowing growth of columnar struc-
tures, we define a crystal coordinate system x′, y′,z′, matching
[1 1̄0], [11 2̄] and [111] of CaF2 respectively.
Biaxially textured CaF2 thin films have been observed to
exhibit a multi-faceted, roof-tile morphology10,18. In Fig. 13
(b) and (c), our simulation of the shadowing growth of a 1-
D array of CaF2 columnar structures aligned in the in-flux
direction shows a multi-faceted columnar morphology. This
morphology is consistent with experimentally observed CaF2
nanorods. Comparing to MgO, {111}-type facets of CaF2 are
known to have the lowest surface energy. The terminating facets
on CaF2 nanorods are of {111} type as indicated by the color
of the facets in Fig. 13. The fan angle of the (111̄) "roof-tile"
facet is equal to 70◦, which corresponds to one of the trihedral
angles formed by (111̄), (11̄1) and (1̄11). This differs from the
90◦ angle of the (100) top facet of MgO (Fig. 7), yielding a
narrower fan-like shape.
Well-isolated nanorods were previously fabricated at large
deposition angles α10,18. The separations between nanorods
facilitated the imaging of the individual single-crystal colum-
nar structures, allowing the average tilt angles β to be mea-
sured quantitatively and accurately for various α angles us-
ing microscopy. Systematic β vs α measurement is available,
which has not so far been obtained for MgO due to its highly
Fig. 13. (a) γ-plot and equilibrium shape of a CaF2 crystal.
The top view (b), and the side view (c) of simulated
multi-faceted CaF2 columnar morphology, with only one of
the 1-D array of isolated structures shown. It is terminated by
predominantly {111} facets.
anisotropic morphology. In Fig. 14, results obtained by the
simulations are compared with reported values for CaF2 at
100 ◦C10. The abnormal tilting behavior is reproduced by our
model. The large deviation from any known existing predic-
tions is attributed to faceting, similar to MgO. Yet the increase
in adatom mobility results in a decrease in β, as opposed to an
increase in β for MgO (Fig. 9). This suggests that the effect
of faceting on the tilting behavior of columnar structures is
material-specific.
IV. CONCLUSIONS
In conclusion, a material-specific continuum model has been
proposed to study the detailed morphological evolution of
obliquely deposited thin films. The proposed model explicitly
accounts for the finite adatom mobility, material-specific sur-




























































































Fig. 14. β vs α of simulated CaF2 nanorods (α = 45◦)
compared with experimental results10. The tilting behavior is
controlled by adatom mobility, the magnitude of which is
represented in the model by coefficient M.
ponent of the adatom mobility parallel to the surface. A well-
known MgO-OAD system is used to demonstrate the model
and the most significant achievements are as follow:
i The proposed flux-dependent sticking coefficient is respon-
sible for the development of abnormal tilting.
ii Experimentally observed roof-tile, multi-faceted columnar
morphologies characteristic of MgO nanocolumns are re-
produced by means of numerical simulations.
iii The shadowing growth of MgO columnar structures accord-
ing to our model demonstrates column bundling, commonly
observed in biaxially textured thin films. It is attributed to
global shadowing by our analysis.
iv The role of faceting is manifested in the development of
multi-faceted morphology, abnormal tilting, film porosity
and the growth of lateral dimension of MgO.
v α dependence of β and the void fraction is found and the
relationships are consistent with experiments.
vi Both tilting and film porosity are found to be controlled by
adatom mobility.
The morphological parameters studied here have important
implications in the applications of e.g. single-crystalline sub-
strates and coated conductor templates. Our proposed model
can be applied to other nano-structured systems in general of
practical interest. This is verified and supported by the imple-
mentation of a CaF2-OAD system.
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